Contagious yawning has been suggested to be a potential signal of empathy in non-human animals. However, few studies have been able to robustly test this claim. Here, we ran a Bayesian multilevel reanalysis of six studies of contagious yawning in dogs. This provided robust support for claims that contagious yawning is present in dogs, but found no evidence that dogs display either a familiarity or gender bias in contagious yawning, two predictions made by the contagious yawning-empathy hypothesis. Furthermore, in an experiment testing the prosociality bias, a novel prediction of the contagious yawning-empathy hypothesis, dogs did not yawn more in response to a prosocial demonstrator than to an antisocial demonstrator. As such, these strands of evidence suggest that contagious yawning, although present in dogs, is not mediated by empathetic mechanisms. This calls into question claims that contagious yawning is a signal of empathy in mammals.
Introduction
Empathy, broadly defined as emotional and mental sensitivity to another's state [1] , appears to play a key role in humans' prosocial and cooperative behaviour [2] [3] [4] . While there are many aspects of empathy, all empathetic responses are ultimately predicated upon an observer having some form of access to another individual's emotional state [1] . Perception-action mechanism accounts argue that this access is granted by state-matching: when an observer perceives a particular state in another individual, neural representations of that state are activated in the observer, resulting in the experience of a similar state [1, 5, 6] . It has been suggested that this perception-action mechanism evolved early in mammals [1, 5, 6] and underpins the helping behaviour seen in many nonhuman mammals [7] [8] [9] [10] [11] [12] [13] [14] . However, it is difficult to rule out simpler explanations for helping behaviour that do not require empathy, such as associative learning [12, 15] or alternative motivations such as a desire to seek social contact [16] [17] [18] or explore novel objects [19] .
Contagious yawning has emerged as a potentially powerful tool to help resolve this impasse. Contagious yawning occurs when observing another individual yawn induces yawning in the observer [20] . The contagious yawningempathy hypothesis posits that both contagious yawning and empathy are mediated by the same perception-action mechanism [1, 6, [21] [22] [23] . This hypothesis makes several testable predictions about the propensity of individuals to engage in contagious yawning. First, individuals who report lower levels of empathy should be less likely to engage in contagious yawning. Second, as people show greater empathy for kin and friends, they should be more likely to yawn when exposed to yawning from familiar yawners compared to unfamiliar yawners [21, 24] . Finally, it has been hypothesized that, due to more direct involvement in offspring care, female mammals may experience a greater level of empathy than males [25] [26] [27] [28] and thus it has been predicted that female mammals should be more likely to engage in contagious yawning [29] .
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Evidence of each of these predictions has been found in humans. Firstly, subpopulations reporting lower levels of empathy, such as children with autism spectrum disorder (ASD) [30] or adults who score highly in psychopathic traits [31] , are less likely to engage in contagious yawning. Secondly, both empathy and contagious yawning appear to share a familiarity bias: people experience more empathy for friends and family than strangers and are more likely to contagiously yawn when familiar people yawn [21, 24] (but see [32] ). Finally, although both men and women are equally likely to engage in contagious yawning, women who do engage in contagious yawning yawn more frequently than men who engage in contagious yawning [29] . While this provides some evidence of a gender bias in human contagious yawning, there is currently much debate surrounding this finding [33, 34] .
Based on this evidence from humans, it has been suggested that the widespread presence of contagious yawning across mammals demonstrates that the perception-action mechanism underpinning empathy is phylogenetically ancient and thus that the helping behaviours seen in mammals are driven by at least a rudimentary form of empathy [1, 35, 36 ]. This conclusion rests on two key premises. First, it assumes that contagious yawning is indeed widespread across mammals. Second, it assumes that contagious yawning in animals is underpinned by the same perception-action mechanism mediating empathy. However, there is currently a lack of robust evidence for either of these assumptions [37] .
Firstly, there is a lack of conclusive evidence that contagious yawning is widespread across mammals. A comprehensive review of the contagious yawning literature by Massen & Gallup [37] demonstrates that the majority of studies on contagious yawning are focused on non-human primates, particularly chimpanzees, with few studies looking at contagious yawning in non-primates. Furthermore, research into contagious yawning in other species has mostly been restricted to a single study. Chimpanzees are the only non-human species of mammal to have consistently shown contagious yawning across multiple studies [38] [39] [40] [41] [42] [43] [44] [45] . There is no evidence of contagious yawning in gorillas [44, 46] and for both bonobos [24, 36, 44, 47, 48] and dogs [35, [49] [50] [51] [52] [53] [54] , the evidence is mixed: some studies have shown evidence for contagious yawning while other studies have found no effect. As well as making it difficult to draw conclusions regarding the presence of contagious yawning in these species, this lack of consistency in replication brings into question claims for contagious yawning in other species that are based on a single study [24, 35, 36, 44, 47, [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . Given the small sample sizes used in many of these studies [65] , their findings may simply reflect either false positives or negatives rather than the true presence or absence of contagious yawning. Such issues are particularly compounded by the variation in study design across different species [66] . In particular, relying on observational rather than experimental methodologies can be problematic due to the influence of synchronized circadian rhythms making it more likely that animals in a group may spontaneously yawn at the same time [37] . As such, it is difficult to say with certainty that there is evidence for contagious yawning in non-human mammals outside of chimpanzees, let alone discern the phylogenetic pattern of contagious yawning across all mammals.
Secondly, contagious yawning in non-human animals may not be mediated by empathetic mechanisms. Contagious yawning in animals may be the result of stress [54, 57] , an affiliation strategy [67] , a means of communication [61] , or a mechanism to improve collective vigilance within groups [37, 68, 69] rather than being related to empathy via a perception-action mechanism. A powerful way to test between these hypotheses is to examine if the patterns of behaviours predicted by the contagious yawning-empathy hypothesis, such as the familiarity bias and the gender bias, are also seen in animals. Such biases can be thought of as cognitive signatures; a particular suite of behaviours that should be seen if contagious yawning is mediated by a perception-action mechanism but not if it is mediated by another cognitive mechanism [70] . Evidence for the familiarity bias has been found in studies on chimpanzees [40, 41] , dogs [50, 64] , bonobos [36] , gelada baboons [58] , and wolves [64] , but other studies on chimpanzees [42, 43] and dogs [51, 53] have not found evidence for this bias, and one study on rats has even found the opposite pattern [61] . In terms of the gender bias, there is currently no consistent support for the prediction that females are more likely to contagiously yawn than males across mammals [37] . Instead of females being more likely to engage in contagious yawning, there appears to be some evidence of an interaction between the gender of the observed yawner and the subject, but this pattern is not consistent. Bonobos yawn more when an individual of the opposite gender yawns and yawn more in general when the observed yawner is female [36] . Female geladas are also more likely to engage in contagious yawning than males but only when the observed yawner is female [58] . By contrast, in chimpanzees, male yawning is more contagious for other males than female yawning is for other females [42] , while there is no evidence of any gender bias in dogs [35] . As such, there is currently no conclusive evidence for either signature across mammals, which brings into question whether contagious yawning is mediated by a perception-action mechanism shared with empathetic processes.
Here, we tested the contagious yawning-empathy hypothesis in dogs by reanalysing past data and also employing a novel experimental paradigm. First, we established that there is robust evidence for contagious yawning outside of chimpanzees and humans by conducting a Bayesian multilevel reanalysis of a combined dataset from six studies of contagious yawning in dogs. We then examined our combined dataset for evidence of the familiarity bias and the gender bias. Finally, we ran a study to search for a novel signature predicted by the contagious yawning-empathy hypothesis: the prosociality bias. In humans, empathy is modulated by social experience: people experience greater empathy for people who interact with them in a fair or prosocial manner [71, 72] . Similarly, dogs show a preference for those who interact with them in a positive manner rather than a negative manner [73] . Therefore, we carried out an experiment to test whether dogs show a prosociality bias (i.e. yawn more contagiously when in the presence of a human who has been nice to them rather than one who has ignored them). We predicted that, if contagious yawning is mediated by empathic processes in dogs, we would find evidence for the familiarity, gender, and prosociality biases in our study.
Methodology (a) Reanalysis
The aim of this reanalysis was to answer three questions relating to the contagious yawning-empathy hypothesis. First, do dogs show contagious yawning? Second, if dogs do contagiously royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 287: 20192236 yawn, do they demonstrate a familiarity bias or gender bias as predicted by the contagious yawning-empathy hypothesis? Third, do any aspects of study design affect how likely dogs are to show contagious yawning? As the only non-primate species of mammal where contagious yawning has been studied multiple times, dogs are an ideal species to determine whether there is robust evidence for contagious yawning outside of chimpanzees and humans. Unfortunately, the methodological and analytical differences between these studies [35, 66] limits the use of traditional meta-analytic techniques to assess the totality of the evidence [74] . Therefore, to explore these three questions, we constructed a database (for details on how the database was constructed, see supplementary methods in the electronic supplementary material) containing all the trials from six studies [35,49-51, 53,54] of contagious yawning in dogs and conducted a Bayesian multilevel analysis on the resulting dataset. Unfortunately, the original dataset of the seventh study was not available for reanalysis [52] . Despite this, the available dataset of 257 dogs is the largest database constructed for investigating contagious yawning.
In this analysis, the dependent variable of interest was the probability that yawning would occur at all and the number of recorded yawns. To model these dependent variables, we conducted multilevel hurdle models with random effects for subjects nested within studies. Model construction and comparison occurred in two phases. Firstly, we constructed a null (intercept-only) model, a Treatment-only model, a Familiarityonly model, a Treatment + Familiarity model, a Treatment × Familiarity model, a Gender-only model, a Treatment + Gender model, and a Treatment × Gender model. The Treatment factor had two levels: a yawning level where participants were exposed to a demonstrator yawning and a control level where the participants were exposed to a demonstrator either gaping or making a non-yawning sound. The Familiarity factor also had two levels: a familiar level where the dog's owner was the demonstrator and an unfamiliar level where an unknown experimenter was the demonstrator. Finally, the Gender factor had two levels: whether the dog was male or female. Treatment was included as a random slope grouped by subjects nested within studies, as each study followed a within-subjects design, gender was included as a random slope grouped by study and familiarity was included as a fixed effect. All factors were used to predict both the probability and rate of yawning simultaneously. These models were used to test whether dogs exhibited contagious yawning and, if so, whether this contagious yawning was affected by the familiarity of the demonstrator or the gender of the dogs.
Secondly, after determining that the Treatment-only model was the most parsimonious model, we compared the Treatmentonly model to models including one of four study design aspects as fixed effects as well as a full model including all these factors. The four study design aspects were presentation type (whether the dogs were presented with visual and auditory demonstrations or just auditory demonstrations), demonstrator type (whether dogs saw a live or recorded demonstration), demonstrator species (whether the demonstrator was a human or dog), and observer type (whether the subject was a pet or shelter dog). These models were used to determine whether the effect of Treatment persisted after controlling for various aspects of study design. This allowed us to assess whether the study design had an effect on the dogs' propensity to contagiously yawn.
Rather than engage in null-hypothesis testing, we focused on model estimation in order to assess the evidence for the contagious yawning-empathy hypothesis in dogs [75] . Model estimation allows for better accounting of uncertainty in our results and a greater focus on the size of the effect of interest and is, therefore, the more informative approach [75, 76] . We used two main methods for model estimation. Firstly, we used the expected log pointwise predictive density approximated by leave-one-out cross-validation (ELPD-LOO) to compare models [77] . The higher a model's ELPD-LOO score, the better that model's out-of-sample prediction. This allows us to determine which model makes the best predictions. Secondly, for individual models, we directly compared different model-estimated yawning probabilities and rates by calculating posterior differences [78] . Directly comparing yawning probabilities and rates allowed us to estimate the size and uncertainty of the effect.
All statistical analyses were conducted in R v. 3.5.1 [79] using the brms package [80] . Hamiltonian Monte Carlo estimation was run with Stan [81] . Figures were produced with the ggplot2 package [82] . Data, code, full model fits, details about prior distributions, and Markov Chain Monte Carlo (MCMC) chain diagnostics are accessible at https://osf.io/c2f3k/.
(b) Experiment methodology (i) Participants
A total of 32 dogs (17 females) were recruited for this study. All dogs were pet dogs (aged 2-10 years old) which were accompanied to the laboratory by their owners (see electronic supplementary material, table S1 for details of dogs included in the study).
(ii) Protocol
Dogs took part in two treatments: a prosocial treatment and an antisocial treatment. Each treatment consisted of an interaction phase and a yawning phase. The interaction phase was adapted from an earlier study [73] where dogs showed a preference for a prosocial over an antisocial experimenter. In the prosocial interaction phase, the dog and experimenter entered the testing room (3.6 m × 3.4 m) and the experimenter interacted with the dog in a positive way for 2 min. Depending on the preferences of the dog, this interaction involved either playing with the dog or simply petting and stroking it. In the antisocial interaction phase, the experimenter and dog entered the same testing room and the experimenter walked around the room, ignoring the dog and avoiding eye contact for 2 min. The only interaction that the experimenter had with the dog was to take out a piece of food and ask the dog to sit. After the dog obeyed, the experimenter ate the treat. This occurred a total of three times. To control for the presence of food, in the prosocial phase, the experimenter also stood up three times and took out a piece of food. After holding the food for 5 s, the experimenter ate it and resumed their positive interactions with the dog (see electronic supplementary material, videos S1 and S2).
The yawning phase was the same in both treatments. After the interaction phase, the owner entered the room and settled the dog on a dog bed and the experimenter sat opposite the dog, leaving a 1.5 m gap between them. After the dog settled, the experimenter began to yawn. Each yawn consisted of the experimenter calling the dog's name and then yawning by stretching their hands above their heads and making an audible yawn (see electronic supplementary material, figure S1 for a photo of a yawn). Yawns were repeated every 30 s for 5 min. A tone was played through headphones to the experimenter to ensure that experimenters were consistent in the number of yawns they produced.
The dog took part in both treatments in the same session with an approximately 10-min break between each treatment. The order in which the prosocial and antisocial treatments were presented, as well as which experimenter was prosocial or antisocial, was counterbalanced across dogs.
(iii) Data analysis
The number of times that the dogs yawned was coded by an experimenter blind to treatment. A yawn was coded when a dog opened their mouth and inhaled, followed by a brief period of apnoea where the mouth remained open before the dog exhaled [20] . Using the same multilevel hurdle models as in the previous royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 287: 20192236 analyses, we constructed a null (intercept-only) model, a Socialityonly model (prosocial demonstrator versus antisocial demonstrator), a Trial-only model (first versus second trial), a Sociality + Trial model, and a Sociality × Trial model. Similarly to the previous analysis, we used ELPD-LOO comparison to determine which models would best predict out-of-sample data. For individual models, we looked at the posterior differences between treatments.
Results

(a) Dogs contagiously yawn and this effect is robust to variation in study design
The model comparison suggests that the Treatment-only model outperforms the null model (ELPD-LOO difference ± 95% credible interval = 32.5 ± 13.1). The Treatment-only model provides additional support for the effect of treatment on yawning rate (results are qualitatively similar regardless of the model chosen). The model-estimated median probability of yawning is 0.39 in the yawning treatment and 0.19 in the control treatment (electronic supplementary material, figure S2a) . Similarly, the model-estimated median yawning rate in the yawning treatment (0.19 yawns per minute) is roughly double the model-estimated median yawning rate in the control treatment (0.10 yawns per minute; figure 1a ). To formally compare these treatments, we calculated the proportion of the posterior difference mass above zero, which is the proportion of MCMC samples in our posterior distribution where the yawning probability or rate is higher in the yawning treatment than the control treatment (positive posterior mass; PPM; figure 1a inset). As predicted, for the large majority of MCMC samples, both the probability of yawning (PPM = 0.97) and the yawning rate (PPM = 0.95) are greater in the yawning treatment than in the control treatment. The random intercept and slope in this model also allowed us to repeat this comparison for each individual study (figure 1b; electronic supplementary material, figure S2b ). For five of the six studies, the PPM is high for both yawning probability and rate, with only one study failing to cluster with the other studies. This suggests that our conclusions are not being unduly driven by any single study in our sample. Taken together, model comparison and estimation suggest that contagious yawning is present in dogs. This finding is robust to variation in study design. Model comparisons suggest that controlling for the species of the figure S3 ). Regardless of which factors were being controlled for, the effect of Treatment remains stable across all the models, including a full model controlling for all these factors (figure 1c; electronic supplementary material, figure S2c ). This suggests that differences in study design between studies do not have a large impact on dogs' contagious yawning.
(b) Dogs do not show the familiarity bias when contagiously yawning
Including familiarity as a factor has very little impact on the model's out-of-sample prediction. While both the Treatment + Familiarity and Treatment × Familiarity models outperform the null model (electronic supplementary material, figure S4b ), including familiarity does not improve model performance compared to the Treatment-only model (electronic supplementary material, figure S4c ). If dogs display the familiarity bias, they should be more likely to yawn and yawn more frequently in the yawning treatment than in the control treatment for familiar demonstrators only. In contrast to this prediction, looking at the Treatment × Familiarity model, we found no evidence of this. The differences between treatments for probability of yawning were similar regardless of familiarity, (Familiar PPM = 0.99, Unfamiliar PPM = 0.95; electronic supplementary material, figure S5 ) and differences between treatments for the rate of yawning were higher in the unfamiliar trials than familiar trials (Familiar PPM = 0.83; Unfamiliar PPM = 0.94; electronic supplementary material, figure S4a) . Crucially, the difference between these differences (i.e. the interaction effect) is not consistent with the familiarity bias hypothesis, for either probability (PPM = 0.88) or rate of yawning (PPM = 0.49).
(c) Dogs do not show a gender bias when contagiously yawning
Including the subject's gender as a factor does not affect the model's out-of-sample prediction (electronic supplementary material, figure S6b,c). If dogs displayed the gender bias predicted by the contagious yawning-empathy hypothesis, female dogs should be more likely to contagiously yawn than males in the yawning treatment. However, looking at the Treatment × Gender model, there is no evidence of this. The differences between treatments are similar regardless of gender, for both the probability of yawning (Male PPM = 0.96; Female = 0.98; electronic supplementary material, figure S7 ) and the rate of yawning (Male PPM = 0.92; Female PPM = 0.90; electronic supplementary material, figure S6a ). Furthermore, the difference between these differences is not consistent with the gender bias hypothesis, for either the probability (PPM = 0.55) or rate (PPM = 0.50) of yawning.
(d) Dogs do not show a prosociality bias when contagiously yawning
Looking at our experimental data, including additional factors to the null model does not substantially improve model fit ( figure 2b) . As including additional factors does not result in increased explanatory power, the null model was the most parsimonious model. This suggests that whether the demonstrator behaved prosocially or antisocially towards the dogs had little effect on their propensity to yawn. The Socialityonly model tells a similar story. The model-estimated median probability of yawning of 0.55 in the prosocial treatment was lower than the probability of 0.59 in the antisocial treatment (electronic supplementary material, figure S8) . Similarly, the model-estimated median yawning rate in the prosocial treatment (0.11 yawns per minute) was also slightly lower than in the antisocial treatment (0.19 yawns per minute; figure 2a ), the opposite direction to our predictions. This lack of effect Figure 2 . Dogs do not yawn more for prosocial yawners than antisocial yawners. (a) Density plots of posterior predicted yawning rates in the prosocial and antisocial Treatments in the Sociality-only model. Dogs yawn marginally more in the antisocial treatment than in the prosocial treatment. However, this difference probably does not reflect a true effect because while dogs are more likely to yawn more for the antisocial demonstrator than the prosocial demonstrator in a majority of MCMC samples, this is not consistent as in 12% of samples, dogs yawned more for the prosocial demonstrator (Antisocial PPM: 0.88 can be further quantified by considering the PPM, which reveals no difference between treatments for both the probability (PPM = 0.65) and the rate of yawning (PPM = 0.88).
Taken together, both model comparison and estimation suggests that there is no evidence that dogs yawn more in the prosocial treatment than in the antisocial treatment, as would be predicted by the contagious yawning-empathy hypothesis.
Discussion
By combining the data from six different studies, the resulting dataset is the largest used to date to examine the presence of contagious yawning in a non-human mammal. This allowed us to draw conclusions about the presence and absence of contagious yawning and the signatures predicted by the contagious yawning-empathy hypothesis with a greater level of certainty than by relying on individual studies alone. Our reanalysis shows that dogs do exhibit contagious yawning, showing higher probabilities and rates of yawning for yawning demonstrators compared to control demonstrators. This provides robust support for the claims that contagious yawning is present in dogs [35, [49] [50] [51] . In order to test whether this contagious yawning is related to mechanisms underpinning empathy, we examined this dataset for evidence of the familiarity bias and gender bias. However, dogs in our reanalysis showed no evidence of either of these biases. Similarly, when we ran a novel experiment to look for a prosociality bias, we found that the dogs in our experiment were no more likely to yawn for prosocial demonstrators than antisocial demonstrators. Dogs, therefore, show no evidence for any of the familiarity, gender, or prosociality biases predicted by the contagious yawning-empathy hypothesis. This suggests that contagious yawning in dogs is not mediated by an empathy-related perception-action mechanism [52] [53] [54] .
The presence of contagious yawning in non-human animals, therefore, cannot be assumed to be evidence for a perception-action mechanism shared between humans and other mammals, as has been previously proposed [1, 35, 41, 58] . That is not to say that some non-human animals do not necessarily experience some form of empathy but that contagious yawning cannot be taken as a diagnostic signal for the presence of these empathetic processes. Furthermore, these results, alongside the arguments put forward by Massen & Gallup in their recent review [37] , bring into question the validity of the contagious yawning-empathy hypothesis more broadly.
It is important to acknowledge several caveats to our conclusions. Firstly, in both our reanalysis and experiment, the subjects were primarily responding to interspecific yawns from human demonstrators. While it is possible that dogs would respond differently to conspecific and interspecific yawning, there are several reasons to believe that this is not the case. Research in other species such as chimpanzees suggests that they respond similarly to conspecific and interspecific yawns [41] , and, in our reanalysis, controlling for demonstrator type did not improve model fit. Nevertheless, more rigorous comparisons between how dogs respond to conspecific and interspecific yawning would be a useful future line of research. Secondly, it is important to note that the familiarity, gender, and prosociality biases are indirect measures of empathy [37] . As such, care needs to be taken in interpreting these biases and there remains substantial debate over how to do so. For example, it has been argued that both the tendency for children with ASD to be less prone to contagious yawning [83] and the familiarity bias [37, 84, 85] can be explained in terms of differences in attending to yawners rather than differences in empathetic response. Similarly, the gender bias reported in humans [29] is not straightforward to interpret and there is debate over whether it simply reflects a false positive in the literature [33, 34] . By contrast, proponents of the contagious yawning-empathy hypothesis argue that the familiarity bias continues to be found even when controlling for differences in subjects' attention [40, 41] and that the negative results for the gender bias in previous studies reflects methodological issues with prior experiments [34] . Furthermore, although alternative hypotheses such as the attentional hypothesis could explain the presence of a single bias such as the familiarity bias, only the contagious yawning-empathy hypothesis predicts the presence of all three biases. As such, testing for all three biases represents a powerful test of the contagious yawning-empathy hypothesis. Finally, searching for a novel signature, the prosociality bias, required a novel experimental methodology where dogs were exposed to a prosocial experimenter that interacted with them and an antisocial experimenter that ignored them. Previous work which used a similar methodology demonstrated that dogs do show a preference for the prosocial demonstrator [73] , and so if the contagious yawning-empathy hypothesis is correct, dogs should have reacted with increased yawning to the prosocial demonstrator. However, further work would be useful in confirming the presence or absence of the prosociality bias in dogs and other species such as humans.
Research into contagious yawning has been dominated by the contagious yawning-empathy debate [37] . However, contagious yawning is an interesting phenomenon in its own right as its evolutionary roots and ultimate function remain a mystery [20] . Contagious yawning in animals may be the result of stress [54, 57] , an affiliation strategy [67] , a means of communication [61] , or a mechanism to improve collective vigilance within groups [37, 68, 69] rather than being related to empathy via a perception-action mechanism. Future research into contagious yawning should include a greater focus on testing between these and other hypotheses. For example, the affiliation hypothesis might predict that contagious yawning should be seen more frequently during reconciliation periods after conflict while the collective vigilance hypothesis posits that contagious yawning should increase in response to external disturbances [37, 86] . However, it is important to note that these theories are not necessarily mutually exclusive [87] and that factors such as stress appear to influence yawning propensity in complex ways [88, 89] . Additionally, an important next step is to consider evidence of contagious yawning outside of mammals. While there has been some work looking at contagious yawning in budgerigars [86, 90] and tortoises [91] , research has otherwise been sparse outside of the mammalian class.
Future research would benefit from systematically testing contagious yawning across multiple species. One barrier to such projects is that studying a range of different species often requires different experimental set-ups to make such testing feasible. There is a concern that such a range of methodological approaches may make cross-species and cross-study comparisons difficult, if not impossible [35, 66] . However, our finding that the effect of treatment on yawning probabilities and rates remains stable when controlling for various aspects of study design suggests that the presence of royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 287: 20192236 contagious yawning is relatively robust to differences in experimental design. As such, while it is important to use broadly similar designs (for instance, comparing animals' yawning rates when exposed to either a yawning demonstrator or control demonstrator), there could be considerable flexibility in other aspects of study design. For example, our results suggest that animals' yawning probabilities and rates to either live demonstrators or recorded demonstrators are comparable. Therefore, our findings suggest that more ambitious crossspecies work can be carried out with confidence in the validity of the subsequent comparisons.
To conclude, our results provide robust support for the hypothesis that contagious yawning is found in dogs, the first non-human species of mammal where it has been clearly shown outside of chimpanzees. However, we found no evidence that dogs yawn more in response to either familiar human yawners compared to unfamiliar human yawners, or to prosocial human yawners compared to antisocial human yawners. Additionally, we found no evidence that female dogs were more likely to yawn in response to a yawning demonstrator than male dogs. As such, these findings cast doubt on the widespread assertion that contagious yawning is mediated by the same perception-action mechanism as empathy [1, 6, 35, 41, 58] . Instead, they support recent claims that there is no link between contagious yawning and empathetic processes [37, 67] and underline the importance of developing more direct measures of empathy in non-human animals [37, 92] . However, while our results suggest that researchers cannot rely on contagious yawning as a diagnostic signal of empathy, our additional findings that the effect of contagious yawning appears to be robust to variations in experimental methods suggest that cross-species comparisons may be a powerful way to disentangle the evolutionary roots of this behaviour.
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